The present study explores the flow field created by reflecting detonations using heat transfer and pressure measurements near the location of detonation reflection. Schlieren imaging techniques are used to examine the possibility of shock wave-boundary layer interaction. These measurements are compared to laminar boundary layer theory and a onedimensional model of detonation reflection. Experiments were carried out in a 7.6 m long detonation tube with a rectangular test section using mixtures of stoichiometric hydrogenoxygen with argon dilution of 0, 50, 67, and 83% at an initial pressure of 10, 25, and 40 kPa. Optical observations show that minimal interaction of the reflected shock wave results when propagating into the boundary layer created by the incident wave. The heat transfer rate is qualitatively consistent with the time dependent laminar boundary layer predictions, however the magnitude is consistently larger and substantial (factor of three) peak-to-peak fluctuations are observed. The pressure measurements show good agreement between predicted ideal incident and reflected wave speeds. The pressure amplitudes are under-predicted for no argon dilution cases particularly at 40 kPa, but in reasonable agreement for lower pressures and higher dilutions.
I. Introduction
A particularly important situation in laboratory testing or accidental explosions is the initiation of a flame followed by deflagration to detonation transition (DDT), resulting in a detonation propagating in a piping system. 1 Gaseous detonations 2, 3 inside piping or vessels create both structural and thermal loads and in extreme cases may lead to plastic deformation or rupture. 4 When the detonation reaches a closed end, the boundary condition of zero flow velocity leads to the creation of a reflected shock wave that propagates back towards the point of ignition. 5 The speed and strength of this reflected shock wave changes with time as the shock propagates through the unsteady Taylor-Zel'dovich wave. 6, 7 The reflected shock wave is also complicated by the possibility of interaction with the boundary layer created by the flow induced by the incident gaseous detonation. 8 Recent work in our laboratory by Karnesky et al., 4, 8 has suggested that the internal pressure and resulting plastic deformation of thin-walled cylindrical shells due to internal detonation loading is influenced by these viscous effects. There is evidence that the boundary layer created by the fluid motion induced by the detonation interacts with the reflected shock wave created when the detonation normally impinges upon a planar wall. The goal of this paper is to present analytical and experimental findings on the behavior and nature of the boundary layer induced by the detonation and its effects on the reflected shock wave created when a detonation normally impinges upon an end wall.
Reflected shock wave bifurcation occurs when a normally reflected shock wave splits into a lambda shock as shown in Figure 1 due to interaction with the boundary layer created by the incident shock. Previous researchers have extensively examined bifurcation in shock tubes as it pertains to shock tube performance.
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Mark developed the foundational theory that explains and predicts under what conditions bifurcation will occur. 9 Mark shows that gases exhibiting a low ratio of specific heats, γ, bifurcate under the widest range of conditions; this suggests that reflected detonations, which have an especially low value for γ, will readily bifurcate and makes bifurcation a likely candidate for explaining the two-dimensional effects observed in our laboratory's previous work. However, Mark's analysis assumes the temperature is constant and equal to the initial conditions. This assumption is invalid for the detonation case and is one of the motivations for this study of the boundary layer behind a detonation and interaction with the reflected shock wave.
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Slip Line Numerous researchers have studied boundary layer growth behind shock waves. Mirels 13, 14 developed much of the pioneering work on boundary layer growth behind shock waves. Sturtevant and Okamura
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solved the boundary layer equation in the shock-fixed frame and explored the effects of shock strength on the boundary layer profile. Liu et al. 16 applied boundary layer analyses to the case of hemi-spherical blast and detonation waves. Here we adapt these models of boundary layer development behind shock waves to the case of boundary layer growth behind detonation. We compare the results to pressure and heat flux measurements recorded during gaseous detonation experiments of stoichiometric hydrogen-oxygen at varying initial pressure and varying argon dilution, conditions which result in varying free-stream conditions as well as detonation cell size. Alongside these measurements we present schlieren photographs of the incident detonation and reflected shock. These pictures reveal novel behavior of the shock wave where it is made up of multiple shock waves. The photographs further reveal the presence of shock wave-boundary layer interaction over a range of argon dilutions.
II. Analytical Formulation
One approach to modeling the detonation reflection process is numerical simulation of reacting viscous compressible flows. [17] [18] [19] [20] Previous studies on reflecting shock waves 9, 21 however, suggest that much may be gained in understanding the shock wave-boundary layer interaction by applying simple models in analyzing the boundary layer growth and propagation of the reflected shock wave. As a first step, we apply previous models for boundary layer growth and detonation reflection to the experimental cases of stoichiometric hydrogen-oxygen detonations with argon dilution. At the present stage, we are still developing an analytical model that includes the strong property variations within the boundary layer and the present experimental results serve to inform our efforts in that direction.
Although gaseous detonations are inherently three-dimensional due to their cellular structure, their mean properties are well approximated by one-dimensional wave propagation theory. 22 This results in the detonation exhibiting the behavior sketched in the x-t diagram shown in Figure 2 away from the point of ignition at the constant theoretical Chapman-Jouguet (CJ) velocity, U CJ , towards the closed end of the tube. The Taylor-Zel'dovich (TZ) expansion wave trails the detonation and gradually brings the fluid to rest. Once the detonation impinges upon the tube's closed end, a reflected shock wave propagates into the TZ expansion at a non-constant speed. Analysis of the speed and strength of this unsteady reflected wave is discussed in previous work. 4 To simplify the analytical investigation of reflecting detonation waves, we will consider the less complicated case shown in Figure 3 where the TZ expansion wave is neglected and the properties behind the detonation are the constant CJ values. This assumption becomes
(a) (b) Figure 3 . Relevant fluid dynamic and thermodynamic parameters involved in the detonation reflection process shown in the lab-fixed frame of reference used in all mathematical derivations presented herein sketched (a) before and (b) after detonation reflection occurs.
more accurate as the gradients in the TZ wave become smaller which occurs in long detonation tubes such as the 7.6 m long GALCIT Detonation Tube (GDT) discussed in Section III.
A. Boundary Layer Analysis
For the configuration shown in Figure 3 , we can develop an approximate analytical laminar boundary layer solution to predict the boundary layer profile and heat transfer to the wall up until the arrival of the reflected shock wave. Let us suppose the detonation is initiated at x = 0, t = 0. In front of the detonation, t > x/U CJ , the gas is stationary at initial pressure p 1 and temperature T 1 . Behind the detonation, t < x/U CJ , the free-stream properties are the computed Chapman-Jouguet post-detonation properties p 2 and T 2 . The freestream properties (written with a sub-script 2) are used to define laminar boundary layer solution parameters and are calculated with the shock and detonation toolbox. 23 Through the Levy-Lees transformation, 24 the two-dimensional compressible laminar boundary layer equations can be transformed with the similarity variable η where
and δ is the boundary layer thickness written in the lab-fixed frame
Assuming that the detonation products behave as a perfect gas, the analysis results in an ordinary differential equation in η which may be solved to yield the fluid velocity:
and u 2 is the fluid velocity behind the detonation. Although Equation (3) does allow for varying density and viscosity through the boundary layer, we make the simplifying assumption that
where C is the Chapman-Rubesin parameter. The boundary conditions are that of zero flow velocity at the wall and uniform velocity u 2 as η → ∞
Applying the boundary layer analysis to the conservation of energy equation results in
where P r is the Prandtl number and is assumed to equal 0.7, h is enthalpy, and, for a perfect gas,
The boundary conditions are given by the wall temperature and free-stream enthalpy
Equations (9) and (10) use h = c p,2 T and assume that the specific heat is constant behind the detonation front and the effects of chemical reaction are negligible. In general, the flow within the boundary layer is reacting and non-equilibrium, which requires a numerical solution and the resulting flow field is not selfsimilar. The solutions to Equations 3 and 8 were obtained using the Matlab function ode45 combined with a shooting technique to implement the boundary conditions. Once the temperature profile was known, the heat flux to the wall was computed usingq = k dT dy y=0 (12) where k is the thermal conductivity in the fluid. This predicted heat flux is compared with the measured heat flux behind detonations in Section IV.
B. Detonation Reflection
A semi-empirical model has been developed 4, 25 in our laboratory that predicts the speed and strength of a reflected detonation. The relevant portion of the model is that the speed of the reflected detonation is given by
where theoretical values for post-detonation fluid velocity u, sound speed c, pressure p, and ratio of specific heats γ are calculated using Cantera 1.8 26 and the pressure behind the shock is given by
where t 0 is the time of reflection, τ is a time constant corresponding to the pressure decay caused by the TZ expansion, the final equilibrium pressure p 3 is calculated using Cantera and the theoretical peak reflected detonation pressure, p CJ,ref is calculated using the Shock and Detonation Toolbox. 23 For a very long detonation tube, such as considered here, τ t − t 0 implying that p R may be approximated as
and
which is also computed using the shock and detonation toolbox, 23 values for the present experiments are given in Table 1 .
III. Experimental Setup
Experiments were performed in the GALCIT Detonation Tube (GDT) 27 shown in Figure 4 . The GDT is a 7.6 m long, inner diameter 280 mm detonation tube equipped with a test section of 150 mm wide square cross-section and two quartz windows to provide optical access. The tube was initially evacuated and then filled via the method of partial pressures to the desired composition. The experimental work presented herein is a stoichiometric hydrogen-oxygen mixture diluted with varying amounts of argon at varying initial pressure as given in Table 1 . These run conditions were chosen to give a range of cell sizes and postdetonation temperatures allowing us to examine these effects on the wave reflection process. Increasing the initial pressure decreases the cell size from approximately 14 mm 28 for an initial pressure of 10 kPa to 3 mm for an initial pressure of 40 kPa. 29 Argon dilution increases the cell size and decreases the post-detonation temperature.
The experiment was initiated by injecting a mixture of acetylene-oxygen into the ignition end of the GDT for a duration of 4.5 s. This injection was followed by a 1 s settling period before a 2 µF capacitor charged to 9 kV discharged through an 80 µm diameter copper wire located in the ignition end of the GDT. This vaporized the copper wire and created a blast wave in the acetylene-oxygen, thereby initiating a detonation. This wave propagated into the H 2 -O 2 mixture where it decayed in speed to the Chapman-Jouguet speed.
After ignition, a detonation enters the test section shown in Figure 5 (a). 30 A splitter plate was constructed (see Figure 5(b) ) that raised the location of the boundary layer into the center of the windows. This splitter plate was instrumented with 12 PCB 113B26 pressure transducers and 12 surface junction thermocouples identical to those employed by Sanderson and Sturtevant 31 for measuring heat flux inside the test section. The thermocouples are connected to a TrikTek Model 205B instrumentation amplifier with a response time of 7.5 µs to a unit step input. In comparing this response time to the signal response, it seems that the gauge response time is sufficiently small so that the amplifiers dominate the overall response time. The gauges themselves are hand made and may have considerable differences in response. Calibration efforts along the lines of Mohammed et al. 32, 33 would be necessary to better deduce the gauge response. The spectral method employed by Sanderson and Sturtevant 31 for reducing the heat flux data is also employed here. The locations of all gauges are given on the all relevant plots.
A Z-type schlieren system is used to visualize the incident detonation and shock wave reflection. The schlieren system consists of a pulsed EverGreen 70 PIV laser with a pulse width duration less than or equal to 10 ns and a Cooke PCO.2000 digital 14 bit CCD camera system. This allows two images to be taken in quick succession and was used to visualize the incoming detonation and the reflected shock wave for each test. IV. Discussion Figure 6 portrays results for 0% argon dilution; this case has the largest discrepancy between observed and computed reflected shock pressures of the cases examined in this paper. The heat flux plot in Figure 6(a) shows the heat transfer measurements compared to the laminar boundary layer theory described in Section II A. The incident detonation is clearly marked by a spike in both measured and predicted heat transfer. The reflected detonation is much less clear and plays only a lesser role in the heat flux measurements. The heat-flux model is only valid for times before the arrival of the reflected shock. Figure 7 plots the heat-flux data in a St-Re plot where the Stanton and Reynolds 35 numbers are computed from
m
where t a is the arrival time of the detonation. We observe that for times after the response time of the gauge and before the arrival of the reflected shock, the laminar theory does an adequate job of predicting the measured heat transfer. This suggests that the boundary layer is in fact laminar for this duration. Using a turbulent transition Reynolds number of 35 Re T ≈ 6 · 10 5 it is perhaps no surprise that transition does not occur before the arrival of the reflected shock (which corresponds to Re ref = 5.5 · 10 5 for the undiluted initial pressure 25 kPa detonation). However a substantial difference between shock and detonation waves is the presence of transverse waves behind detonations. This work indicates that the transverse waves do not significantly effect turbulent transition for the mixtures tested. This agrees with the work of Liu et al. 16 who found reasonable qualitative agreement with the experimental work of Laderman et al. 36 with a laminar boundary layer model applied to hydrogen-oxygen mixtures of initial pressure 1 atm. The best agreement with the experimental measurements comes from a power law curve fit from Hartunian 37 as denoted by the subscript H:
This fit is also plotted on Figure 7 . The trend of agreement with the laminar boundary layer theory is seen for all initial pressures tested as observed in Figures 7(b) , 7(c), and 8 with the largest differences occurring in the 10 kPa initial pressure case where the Reynolds number is smaller and the cell size larger than the other considered cases. We also see on each heat flux graph that the heat transfer is under-predicted near the location of detonation reflection indicating the wave reflection process and resulting fluid dynamics are more complicated than incorporated into the simple two-dimensional laminar boundary layer theory.
Examining the corresponding pressure plot, Figure 6 (b), we observe two sharp increases in pressure for each measurement location. The first increase is due to the incident detonation; following this rise are highfrequency pressure oscillations corresponding to the transverse waves associated with gaseous detonations. The second increase occurs from the reflected shock wave propagating back towards the location of ignition. Plotted with the experimental data are the predictions of the model introduced in Section II B. We see that the arrival time and resulting pressure of the incident detonation is well-predicted by the one-dimensional Chapman-Jouguet theory. The reflected shock wave, however, is not adequately described by the pressure model. The reflected shock speed is within 8% of the predicted value in the highest dilution case and 3% for the undiluted case. However the reflected shock pressure is under predicted by up to 40% in the undiluted cases and up to 6% in the argon dilution cases. This trend of accurate arrival time, but inaccurate pressures is the same as observed in earlier work 4 and initially suggested the possibility of shock wave-boundary layer interaction. Figure 9 shows the schlieren image corresponding to the graphs plotted in Figure 6 with Figure 9 (a) showing the incident detonation propagating to the right and Figure 9(b) showing the reflected shock wave propagating back to the left. As is observed in the schlieren photographs, there is no significant shock wave-boundary layer interaction. Another feature of note in the pressure signals is that the rise time of the pressure signals through the reflected shock wave occurs over several microseconds-slower than would be expected from a shock. This corresponds to the reflected shock wave being apparently composed of multiple shocks as observed in Figures 9 and 10 . The source of these shocks is not fully understood. The spacing does not seem to be a strong function of cell size as observed by essentially no change in the wave thickness for initial pressures of 10 kPa (approximately 14 mm cell width 28 ) and 40 kPa (approximately 3 mm cell width 29 ) as seen in Figure 10 .
(a) (b) We next examine the effects of argon dilution. Pressure traces for detonations in hydrogen-oxygen-argon at 25 kPa and argon dilutions of 50, 66.7, and 83.3% is given in Figure 11 . We observe that the pressure signals are much better predicted by the analytical pressure model. This result is still under investigation; one significant point is that the effect of adding argon is to decrease the post-detonation temperature. The effect of the transverse waves on the wall pressure are clearly observed in the 83% argon dilution case shown in Figure 11 (c) as additional pressure waves behind the incident detonation and in a decrease in the frequency of the pressure signals after the arrival of the detonation.
The schlieren images corresponding to the pressure measurements of Figure 11 are shown in Figure 12 . Here we observe the general trend of the reflected shock wave becoming gradually thicker from 1.9 mm at 0% argon dilution to 2.6 mm at 83.3% argon dilution. We also observe a small amount of shock wave-boundary layer interaction for the 50 and 66.7% argon dilution cases as marked by the shock wave angling to the left near the floor of the detonation tube. This effect was unexpected due to the fact that argon is known 9 to inhibit boundary layer interaction in shock tubes due to the increase in γ; however there is no visible boundary layer interaction in the 83.3% argon dilution case.
Although the measurements and schlieren images were not shown for the remaining test cases, similar qualitative trends were observed in both pressure measurements and schlieren images. The largest difference in the remaining data is that the heat flux measurements became less useful at higher dilutions and lower pressures due to the decreased signal amplitude resulting in an unfavorable signal-to-noise ratio.
V. Conclusions
The heat flux to the tube wall and wall pressure are investigated behind stoichiometric hydrogen-oxygen detonations. Laminar boundary layer theory well-predicts the heat transfer observed behind gaseous deto- nations for the 25 kPa and 40 kPa initial pressure cases. This suggests that the boundary layer for these cases is laminar. The laminar theory is less accurate for the 10 kPa initial pressure case; the source of this discrepancy is still under investigation. The behavior of the reflected shock wave created when a detonation normally impinges upon an end wall is investigated. The ideal model of detonation reflection predicts the speed of the reflected wave within 3-8%. The pressure behind the reflected waves is substantially under predicted (up to 40%) for the undiluted cases, but the agreement is much better (within 6%) for the diluted cases. This trend was previously observed in the work of Karnesky et al. 4 and was thought to be caused by shock wave-boundary layer interaction. The present work, however, discounts such interaction as the source of the discrepancy through schlieren photographs taken of the reflected shock wave. Paradoxically, some degree of interaction is observed for argon dilutions of 50 and 67% although the ideal model more accurately predicts the pressure behind the reflected wave. These findings are puzzling and still under investigation.
